Background: Natural sulforaphane (SF) has been of increasing interest for nutraceutical and pharmaceutical industries due to its anti-cancer effect. The main objective of the present work was to optimize the production of SF from broccoli seed using response surface methodology. Results: Three major factors (hydrolysis time, water volume and ethyl acetate volume) were screened out through Plackett-Burman (PB) factorial design. The methods of steepest ascent combined with central composite design (CCD) were employed for optimization of the SF production process. The optimal extraction conditions for SF production were a hydrolysis time of 13 min, a hydrolysis volume/weight ratio of 2.9:1 (v/g) and an extraction volume/weight ratio of 17.5:1 (v/g). The maximum SF yield was 14.8 ± 0.1 mg/g, a value that was in perfect agreement with the actual experimental value (14.8 mg/g). Conclusions: These results suggested that PB design combined with CCD were proved effective in screening and optimization of the parameters of SF production.
INTRODUCTION
Cruciferous plants such as broccoli (Brassica oleracea var. italica) contain glucoraphanin (4-methylsulfinyl-3-butyl glucosinolates), secondary metabolites that are part of an elegant herbivore defense mechanism (Bones and Rossiter, 1996) . When the tissue of broccoli is damaged, glucoraphanin is hydrolyzed by cytosolic myrosinase (EC 3.2.3.1) and/or cofactors to sulforaphane (4-methylsulfinylbutyl isothiocyanate, SF) or sulforaphane nitrile, as shown in Figure 1 (Matusheski et al. 2004) . SF is of interest since it primarily modulates activities of phase II enzymes that convert carcinogens to inactive metabolites thereby preventing them from interacting with DNA (Zhang et al. 1994) . SF does boost Phase II enzymes that trigger ongoing and long-lasting antioxidant activity (Fahey and Talalay, 1999; Gao et al. 2001 ). In addition, SF has recently been shown to produce altered signal transduction through covalent modification of cell target proteins (Mi et al. 2008; Cross et al. 2009 ). Consumption of cruciferous vegetables such as broccoli and Brussels sprouts, which can provide SF, is linked to reduced cancer risk (Jeffery and Araya, 2009) . A means to effectively extract SF from its source, hence the ability to process it further, is therefore desirable.
To date, many reports have focused on SF detection, screening and purification. Sivakumar et al. (2007) analyzed 14 different important European Brassica species, and the new natural sources high in SF were selected. Liang et al. (2006) studied the effects of metal ions on the formation of SF in broccoli seed and found that zinc ion was beneficial to the formation of SF. Mild heat treatment of broccoli and broccoli sprouts, such as steaming for 1 to 3 min could increase the formation of SF (Matusheski et al. 2004; Wang et al. 2012) , and addition of powdered mustard seeds that can provide natural source of myrosinase enzyme to the heat processed broccoli could also significantly increased the formation of SF (Ghawi et al. 2013) . Tanongkankit et al. (2013) studied the microwave-assisted extraction of SF from white cabbages. The results showed that microwave-assisted extraction was more effective than the conventional extraction led to higher yield of SF in a much shorter extraction time. SF can be purified by macroporous resins adsorption (Li et al. 2008a) , low pressure column chromatography (Liang et al. 2005) , preparative HPLC (Matusheski et al. 2001; Kore et al. 1993; Bertelli et al. 1998) or high-speed countercurrent chromatography (HSCCC) (Liang et al. 2008 ) from broccoli seed meal. However, there are few reports on the optimization of the SF production process. SF production from broccoli seeds involves three steps: de-fatting, hydrolysis and extraction, each step is dependent on a number of parameters that can affect the yield of SF, thus a great number of experiments should be simultaneously run, and their possible interactions also should be studied. For this reason, design of appropriate hydrolysis and extraction processes are of crucial importance. Plackett-Burman (PB) design and response surface methodology (RSM) can collectively optimize all the affected parameters to eliminate the limitations of a single-factor optimization process, and therefore these statistical experimental designs were employed in this work. Plackett-Burman (PB) design involve a two level fractional factorial saturated design that uses only k+1 treatment combinations to estimate the main effects of k factors independently, and assuming that all interactions are negligible (Plackett and Burman, 1946) . PB design provides a fast and effective way of screening a large number of factors and identifying the significant ones, thereby, saving time and maintaining convincing information on each component (Li et al. 2008b) . After the screening to obtain the significant variables, RSM is often applied to explore the relationship between a response and a set of design variables (Jiang et al. 2011) .
In this work, PB design combined with central composite design was applied to optimize the extraction conditions for SF production. The PB design was employed to screen critical factors from a number of process variables, then apply the steepest ascent method to approach the experimental design space, and finally central composite design (CCD) was used to further optimize the factors that have significant effects in order to reach desirable responses.
MATERIALS AND METHODS

Materials and chemicals
Broccoli seed was kindly provided by Taizhou Academy of Agricultural Science. Distilled water was used throughout the study. Methanol (TEDIA, USA) was HPLC grade, and all other reagents were of analytical reagent grade and were purchased from Huadong Medicine Co. Ltd. (Hangzhou, China).
Extraction methods
Seeds were ground in a Chinese herbal medicine grinder to produce seed meal, and was heated in 50ºC for 10 min to inactivate the epithiospecifier protein (Matusheski et al. 2004 ) and then immediately cooled on ice. 3 g of each seed meal was subsequently de-fatted with hexane in an incubator shaker for a set amount of time, after which the residual seed meal was allowed to dry overnight in a fume hood. De-fatted seed meal was mixed with potassium phosphate buffer (0.05 mol/L), the mixture was placed in an incubator shaker to autolyze and then ethyl acetate was added for the extraction. Following this, sodium chloride and anhydrous sodium sulphate were added and mixed thoroughly. The ethyl acetate layer was filtered and the residual paste was extracted with equal volumes of ethyl acetate again, which was combined and dried in a vacuum rotary evaporator (the volume in these next experiments was the total volume). The residue was filtered through a 0.45 μm membrane for HPLC analysis.
PB design
The PB design was used to screen the most important factors that significantly influenced SF production. The experimental design with the name, symbol code, and level of the variables is shown in Table 1 . The upper and lower limits of each variable were chosen according to the previous onefactor-at-a-time test, which are denoted by (+) and (-), respectively (Singh and Tripathi, 2008) . Three dummy variables were studied in the experiments to calculate the standard error. The rows in Table 1 represent the 16 different trials and each column represents a different variable. SF extraction was carried out in triplicate and the average value was taken as the response. 
The path of steepest ascent
To find the neighbourhood of the optimum condition quickly, the method of the steepest ascent was employed. The experiments were applied to determine a suitable direction by increasing or decreasing the variables according to the results obtained from the PB design (Gheshlaghi et al. 2005) .
Central composite designs (CCD) and response surface methodology
To describe the nature of the response surface in the optimum region, a CCD was performed. The central composite design (CCD) is a common method to design experiments for building a second order (quadratic) model in RSM with response variables (Jin et al. 2011) . The five coded levels of CCD were designated as -1.682, -1, 0, 1, and 1.682. All experimental designs were repeated at least three times.
Statistical analysis
Minitab 16.0 (Minitab Inc., Pennsylvania, USA) was used for the experimental design and subsequent regression analysis of the experimental data. The fitting quality of the second-order model equation was expressed by the determination coefficient R 2 , and its statistical significance was tested by regression coefficients, T-test values and P-values. For each variable, the quadratic model was represented as the response surface.
HPLC
The content of SF was analyzed on a Waters e2695 HPLC system by the method of . The column employed in our experiment was a ZORBAX Eclipse XDB-C18 (4.6 x 250 mm, 5 μm). The mobile phase consisted of 20% methanol in water, changing linearly over 10 min to 60% methanol, then increasing to 100% in 2 min and maintained for 2 min to purge the column. The column oven temperature was set at 25ºC, the flow rate was 1.0 ml/min, and 10 μl samples were injected onto the column. SF was detected using a Waters 2489 detector at 241 nm.
RESULTS AND DISCUSSION
Optimization by PB experimental design
Suitable sources of plant materials for the isolation of SF are chosen based on their content of specific parent glucoraphanin. Researchers interested in isolating glucoraphanin should consider using seeds as the preferred staring material (West et al. 2002) , because non germinated seeds have the highest glucoraphanin levels, which decline as sprouts germinate and develop (Pereira et al. 2002) . In a separate study, we found that glucoraphanin content in broccoli seed is much higher than in the vegetable itself (data not show). This finding is consistent with that of Tookey (1980) , who reported that crucifer seeds contained approximately 10 times the total glucosinolate concentration in the edible portion of the vegetable. For these reasons, seeds were chosen as the most concentrated plant source of SF.
11 variables and the upper and lower limits of each variable were chosen according to the previous one-factor-at-a-time test (data not show). The results of PB design with respect to the SF yield after statistical analysis are shown in Table 2 . The results indicated that there was a wide variation of SF yield from 7.4 ± 0.03 mg/g to 11.7 ± 0.08 mg/g in the 16 trials. Results of t-tests showed that hexane had a negative effect on SF yield (Figure 2) , implying that the hexane may decrease the activity of myrosinase. Hydrolysis time, hydrolysis volume-weight ratio and pH values also showed negative effects on the yield. It is not entirely clear why a longer hydrolysis time would cause a decrease in the amount of SF extracted. The possible explanation however, is that glucoraphanin produces not only SF, but also sulforaphane nitrile and other substances when it is hydrolyzed by myrosinase and residue epithiospecifier protein (Matusheski et al. 2004 ), a longer hydrolysis time would result in the production of other substances except for SF, and the activity of residue epithiospecifier protein may decrease in the presence of hexane and ethyl acetate, thus the analysis of myrosinase and epithiospecifier protein activity on glucosinolates hydrolysis during organic solvent treatment is certainly required for future work. On the other hand, optimal myrosinase activity was recorded in phosphate buffer at pH 6-6.5 (Jwanny et al. 1995) , and SF is stable at a lower pH value (Wu et al. 2010; . Therefore, a reduction in hydrolysis time, a reduction in pH and an increase in the extraction time would be beneficial. Particle size also has an effect on the extraction yield (Chiang and Ciou, 2010; Hu et al. 2012 , it was noteworthy that mesh had a negative effect on the yield, implying that smaller particles may lead to filtration and/or centrifugation difficulties, thus decreasing the yield of SF. It is as expected that extraction time and extraction volume-weight ratio showed positive effect, implying that increase in extraction time and volume of ethyl acetate were generally beneficial in obtaining a higher yield of SF from the seeds of broccoli.
Upon analysis of regression coefficients and the t-value of 11 variable factors, the factors having the greatest positive impacts on the production of SF were identified as the extraction volume/weight ratio while factors such as hydrolysis time and hydrolysis volume/weight ratio had the greatest negative effects (Figure 2 ). Thus the variables selected for further optimization were extraction volume/weight ratio, hydrolysis time and hydrolysis volume/weight ratio.
Optimization by the path of steepest ascent
Based on PB experimental design, the path of the steepest ascent was employed to find the proper direction of changing variables (Gheshlaghi et al. 2005) . Extraction volume-weight ratio (w/v) had a significant positive effect on SF production while the hydrolysis volume-weight ratio (w/v) and hydrolysis time (hr) had a negative effect. To move away from the base point (No. 1 in Table 3 ) along the path of the steepest ascent, we move 0.5, 2 and 10 in hydrolysis time (hr), water volume (ml) and ethyl acetate volume (ml), respectively, the yield of SF increased along the path from No. 1 to 3 reaching a peak of 14.2 ± 0.3 mg/g and then decreased in No. 4, indicating the optimal level was close to that in No. 3. Using the experimental conditions suggested by No. 3, the yield of SF remarkably improved, implying the steepest ascent method was an effective technique for approaching the optimal level. Nevertheless, the optimum values of the three variables are still unknown and need to be confirmed by the subsequent CCD. 
Optimization by central composite designs (CCD)
The response of the yield of SF, as a function of hydrolysis time (hr), water volume (ml) and ethyl acetate volume (ml), was evaluated in CCD. According to the results of the path of steepest ascent, the center point was chosen as a hydrolysis time of 1 hr, a water volume of 4.5 ml and an ethyl acetate volume of 50 ml. The design and results of CCD are shown in Table 4 and Table 5 .
Minitab 16.0 was used to determine a quadratic mathematical model for SF production. By applying multiple regression analysis to the experimental data, regression coefficients, T-values, and P-values for the model of SF yield are presented in Table 6 . By removing the statistically non-significant terms (X1X2), the following second-order polynomial equation was generated, representing the SF production as a function of the variables:
where Y is the predicted SF yield; X1, X2 and X3 are the coded values of hydrolysis time, water volume and ethyl acetate volume, respectively. The statistical significance of the second-order model equation was evaluated using ANOVA (Table 7) , one can observe that the mathematical model was very significant, with a P-value less than 0.0001, and the lack-of-fit of the simplified model was non-significant (P > 0.05). In addition, the goodness of fit of the quadratic model was checked using the coefficient of determination (R 2 = 87.7%), indicating that 87.7% of the total variation was explained by the model. This confirms that the accuracy and suitability of the quadratic model was good, and analysis of the associated response trends was reasonable. To study the interactions of variables and analyze the SF yield, three-dimensional response surfaces were plotted in Figure 3 . All possible combinations of the three variables were studied. In the response surface curves, two factors were varied at a time while the other factor remained at a fixed level (zero level). As shown in Figure 3 , the higher SF concentration could be obtained with hydrolysis time, water volume and ethyl acetate volume close to a zero level.
The prediction ability of the model is of key importance in the final optimization step. Therefore, the RSM developed for modeling the SF yield was used to identify the optimal set of input conditions that yielded a maximum output. On the basis of SF production optimization, the quadratic model predicted that the maximum production of SF was 14.83 mg/g, when the X1 was -1.563, X2 was 1.351 and X3 was 1.246, which represented 13 min hydrolysis time, 9 ml water volume and 52 ml ethyl acetate, i.e. 2.9:1 (v/g) hydrolysis volume/weight ratio and 17.5:1 (v/g) extraction volume/weight ratio. To verify the predicted result of the second-order polynomial equation, the experiment was performed under the optimal conditions.
The average SF yield from five experiments was 14.8 ± 0.1 mg/g compared with 14.8 mg/g predicted by RSM, which verified the model validation and existence of an optimal point. The PB design together with path of steepest ascent and CCD applied in the present investigation have been successfully used in many natural products production for optimization of fermentation technologies (Gao et al. 2009; Zhang et al. 2012) . However, to the best our knowledge, there are no reports of optimization of hydrolysis and extraction of SF and other isothiocyanates production by organic solvent using these statistical experimental design.
CONCLUDING REMARKS
PB design and RSM were employed for the statistical optimization of SF production. According to the PB design, three major factors (hydrolysis time, hydrolysis volume/weight ratio and extraction volume/weight ratio) contributed the most to improve SF yield during the de-fatting, hydrolysis and extraction procedures. CCD and regression analysis were used to identify the optimized hydrolysis time, hydrolysis volume/weight ratio and extraction volume/weight ratio. To confirm the applicability of the model, the SF yield at the suggested optimum conditions was determined. Under the optimum conditions, the model predicted a SF yield of 14.8 mg/g, the experimental SF yield of 14.8 ± 0.1 mg/g confirmed the accuracy of the model. The results suggested that the PB design and RSM were successfully applied for the rapid screening and optimization of the parameters of SF production. Figures Fig. 1 Model of glucoraphanin hydrolysis. Myrosinase catalysed hydrolysis of glucoraphanin yields unstable aglycones, which spontaneously re-arrange to sulforaphane and sulforaphane nitrile. 
